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1. 
Since 1945, when Lan~auer23 first discovered that the 
injection of insulin into the yolk sac of fertile hen's eggs 
would produce deformities in the developing chick embryos, 
many workersl,7,B, 24- 28 •32 ,39,49-5l have peJ:>formed similar 
experiments, primarily as attempts to analyze the mechanism of 
action responsible for this phenomenon. During these years 
several different types of deformities have been produced with 
insulin both in the chick anclr;in the mammalian embryo.21 • 40 
Defects have not been confined to one organ system; rather, 
insulin may produce deformities in nearly t3Very organ system 
depending upon the phase of the gestational period during which 
the embryonic environment is subjected to hyperinsulinism. 
This finding agrees generally with the 1 ct·i tical period 1 
theory of organ development2 , which suppoues that the activity 
of each developing organ undergoes accelet•ation at a particular 
time in the gestational period and that it is at this time that 
the organ is most susceptible to any injurious environmental 
influence. Thus, depending upon the time of injection of' in-
sulin, defects have been produced in the cranial vault, eye, 
vertebral column, abdominal wall, and exi;,remi ties at the will 
of the investigator. 
It is beyond the scope of this paper to review all of the 
work in the field of experimental teratclogy or to review very 
many of the clinical essays on congeni te.l deformities in the 
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human. Therefore, the reader is referred to any of the good 
survey articles on those subjects.8,13,19,21,46 
Most of the pioneer researchers in insulin teratogenesis, 
or monster- production, finally. settled upc•n bone deformities 
as their area of primary interest. The reaf~on for this de-
cision was probably the fact that knowledgo of bone calcifi-
cat1Jon at that time indicated that carbohyd.rate metabolism was 
intimately associated with the development of the mineral 
phase of bone, and, since insulin affects carbohydrate meta-
bolism most obviously, it was felt that a change in carbohy4rate 
metabolism due to the hyperinsulinic embryonic environment 
could bring about aberrations in the calc:lfication scheme, 
leading to bone deformities. 
The major paper advancing the assumption from the realm 
of possibility to that of probability was published by Zwill1ng49 
in 1948, in which he showed that after ir,sulin injection into 
the yolk sac of eggs that had been incubELted five days, blood 
samples from the vitelline or allantoic ,reins of the chick 
embryos contained decreased amounts of glucose. On comparison 
with control embryo blood, it was found that the decrease was 
immediate within twenty-four hours after injection, reached a 
maximum five days after injection, and "as negligible on the 
ninth day after injection, the glucose levels in the injected 
samples having by that time risen to ma1~ch control levels. 
This escape from insulin hypoglycemia d11ring the twelfth to 
'-~··'· '' 
' ' 
fourteenth days of incubation was supposed to be due to 
the fact that the liver becomes functional at about this time 
and responds to low blood glucose levels by increasing gly-
colysis.8 
Zwilling later found that glycogen levels of yolll sao 
membrane are increased ~-or several days fc,llowing insulin 
injection into. the yol.k sac of five day o:.d embryos.51 He 
considered this 6bcumulatiot1 Of gljcogen' '~bo, be the cause of j 
the disappearance of glucose fDom blood f,;,und in his earlier 
work. 
It bas been proposed ever since Zwilling's carbohydrate 
work that insulin- induced hypoglycemia lowers the amount of 
f' glucose available to the developing embr;y·o, and, more especi• 
ally, to the developing cartilage, re~ult.ing in decreased 
glycogen leve1s in the embryonic bone ruCliJilents. Since the 
glycogen levels in cartilage seemed impor•tant to calcifica-
tion as a source of hexose-pho~tes, it. was thought that 
herein lay the key to the mechanism of t·:tratogenio action of 
insulin. 
The primary purpose of the author's experiments was to 
follow the glycogen levels in various tissues in the develop-
ing chick embryo after insulin treatment to see if they did 
indeed differ from levels seen in contrc'l embryos. Especial 
interest was pai& to glycogen levels in embryom1o cartilage. 
in order to see if any difference in glycogen content between 
r\ experimental and control groups ooourrec. prior to the 
first observation of deformities in the former group. 
4. 
It was thought that this type of analysis \I'OUld result in 
either a substantiation or a refutation of the previous-
ly proposed theories presented above. 
EXPERIMENTAL 
A total of 168 White leghorn hen's egsa were incubated. 
After five days of incubation, each egg was candled, and eggs 
that were possibly infertile were recorded .• Seventy-five con-
trol eggs were injected with non-pyrogenin physiological saline 
solution; and ninety-three experimental eggs were injected with 
four units of Protamine-zinc insulin ( Il1ttin, Lilly). The volume 
of injected material was 0.05 ml. in all cases in order to 
.~ avoid any difference in embryonic environmental pressure be• 
tween tbe control and experimental groupe. 
The mechanics of injection were as fellows: During candling, 
the air sac was traced on the surface of the egg with a pencil 
line. After swabbing the area within the air sac circle with 
alcohol, a hole was made in the center ~~ the area with a dental 
drill which was sterilized immediately p::oior to dl:!1lling .by 
alcohol immersion and flaming. A dose of 0.05 ml of the material 
to be injected was drawn into a sterile 1.0 ml. tuberculin 
syringe ( with 0.01 ml. markings) through a 3.0 em. long 
sterile needle. The egg was then placed on its horizontal axis 
in the candling apparatus so that the eu:bryo was at the superior 
aspect of the vertical axis. This precatttion was taken to avoid 
direct damage to the embryo during injecti1m which was 
completed through the drilled hole into tht~ middle of the 
yolk sac. The hole was then sealed with o~iinary ladies• 
nail pollsh and the egg was labelled and returned to the in-
cubator. Working on two eggs at a time, no one egg was de-
prived of incubator temperature for more than two minutes. 
At varying intervals from the day of injection, eggs 
were removed from incubation, opened, and the embryos extracted. 
Infertile eggs were then recorded and removed from analysis. 
Abortions were also noted and removed fron further analysis 
due to the known rapid post-mortem autolytJis of glycogen. 
Furthermore, all embryos used in this study were tested for 
"' viability by detection of heart beat ei th!r spontaneously or 
by needle stimulation in order to avoid including the less 
obvious recently aborted embryos. 
r-r: • 
Before removing eggs from incubation, and de-pending upon 
the approximate expected weight of the tissue to be analyzed, 
amounts of a 30~ solution of potassium hydroxide ( KOH) varying 
from 1.0 to 3.0 ml. were pipetted into tEtSt tubes of sufficient 
size to accommodate more than 15.0 ml. o·r fluid under condi-
tions of vigorous shaking. The tubes wero closely stoppered 
with rubber corks to urevent any change :ln their weights due 
to evaporation of the KOH solution or to the hydrophilic action 
of KOH. The tubes were labellid and then weighed to the 
nearest tenth of a milligram on a Mettler balance, and the 
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weights were recorded. 
Embryos extracted from the eggs were treated in the fol-
lowing manner: 1) On the second, thtrd, ancl fourth days fol-
lowing injection whole embryos were immersod in the pre-weighed 
KOH solutions and shaken vigorously to ass1.~e arrest of glycogen 
autolysis. 2) On the fourth, seventh, and tenth days following 
injection embryonic livers and cartilaginous femur rudiments 
were dissected and immersed into their respective pre-weighed 
KOH solutions. 
A few notes on the dissection procedure are necessary. Im-
mediat&ly following extraction of the embr·yo from its egg and 
noting viability, it was placed in a petrt dish. The abdominal 
n wall was QlPened and the whole liver disseuted free with forceps 
under a magnifying illuminator providing :~our ·power magnifica-
tion. Surrounding tissue, including gall bladder, was quickly 
stripped from the liver, and the sample WI!.S dropped into ita 
KOH solution and shaken until it disintegrated to arrest glyco• 
gen autolysis. 
Again under the dissecting illuminator, embryonic femurs 
were dissected free as follows: 1) With the embryo placed on 
its back, the lower limbs were spread. 2) The skin folds 
stretched between the limbs and the embryo body were split, 
and the skin of the upper leg stripped al!ray. 3) The leg was 
pinned to the petri disll with a pair of forceps that saddled 
the region of the limb exPecte6 to contain the femur and 
the surrounding muscle was earefullj split, avoiding damage 
to the femur. 4) When the femur was seen, :1. ts upper end was 
cleaned of tissue and disarticulated from the pelvis; the 
whole 11mb was finally separated from the tmbryo. 5) The other 
leg was then treated in a similar fashion in order to insure 
that the removal of both femurs from the glycolJtic enzyme-
rich body and blood supply of the embryo was as rapid as 
possible. 6) Depending on the stage of the bone,•s develop-
ment, further work was either continued under the magnifying 
illuminator or performed under a d1ssect1r..g microscope. 7) The 
remaining muscle was peeled distally away from the femur and 
('. tendinous attachments to the tibia were broken, freeing the 
femurs. 8) All femur lengths were then me!Lsured on a millimeter 
scale under a dissecting microscope and the presence or absence 
of calcification was noted. 9) The two femurs from each embryo 
were dropped into their pre-weighed KOH sc>lution and shaken. 
The total elapsed time from the momen·~ the egg was 
broken to the completion of dissection an•i sample immersion 
in KOH in no case exceeded 10 minutes. All liver samples 
were immersed in KOH within 2 minutes of breaking the egg. 
All whole embryo samples were immersed in KOH within 1 minute 
of breaking the egg. The time required to complete a run of 
approximately twenty-four eggs, from breaking the first egg 
to immersing the last sample varied from one hour for the 
a. 
whole embryo studies to four hours for the liver and femur 
studies. Since the incubation period of the chick embryo 
is more than 500 hours, the maximum variatton between the 
first samples and the last samples in a group due to time 
was 4/ 500, or o.a~. 
The pre-weighed tubet were unstoppered just before breaking 
the egg and restoppered with the same rubbor cork immediately 
after immersion of the tissue samples. Tes·ts of weight change 
in tube4 of KOH left unstoppered for similid lengths of 
time showed that there was no increase or decrease in their 
weights due to exposure to laboratory air. 
After completion of the above procedur~ts, all tubes were 
~ again weighed on a Mettler balance. Sample weights were later 
calculated as the difference between the first and the second 
tube weights. 
Glycogen analyses proceded according to a modified anthrone 
method.38 All tubes were uncorked after reweighing, covered 
with marbles, and heated in a boiling batb for twenty minutes 
in order to digest the tissue. The tubes "·ere allowed to cool 
and 1.25 volumes of 95% ethanol were addec. to each tubee ·The 
tubes were shaken· and the contents brought. to a boil gently in 
a boiling bath to precipitate the glycogen in the samples. 
After cooling again, the tubes were centr~.fuged at 2800 rpm 
for fifteen minutes. The supernatant was decanted and the tubes 
IP I 
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drained ~y inversion on filter paper for t·~o minutes. The 
sedimented glycogen was dissolved in exact amounts of distilled 
water, varying in order to bring the concentration of glyco-
gen in the solution to a good reading level ( 3- 30 }48•/cc.). 
Dilution in many cases was by trial and error. If the resulting 
volume of sample solution exceeded 5.0 ml., a 5.0 ml. aliquot 
was taken and placed in a new tube. If the· resulting volume 
was 5.0 ml. or less, the rest of the analrsis continued in the 
same tube. 
Two volumes of anthrone reagent ( o.2~' anthrone in 95% 
sulfuric acid) were added to each sample ;30lution in an ice 
bath and the tubes were shaken vigorously, keeping the tubes 
tilted and their fluid levels below the level of the bath. 
The cold tubes were covered with marbles, heated for exactly 
ten minutes in a boiling bath to develop color, and then im-
mediately c·ooled in the ice bath again. J~l samples were read 
in a Coleman Junior Colorimeter set at 6'i.:Om.p. Readings were 
made against a water blank and double stE,ndards of glucose 
( 20.0 fg./cc.). Glycogen content of the tissue samples were 
calculated by the following formula: 
mg. glycogen: /ioo x R§ \ (>dilu·::.ion \ 
\l.ll X ~ 1000 I 
"rThere 1.11 equals Morris's factor for co::1vert1ng glucose to 
glycogen.3° Final calculations were expr3ssed as mg. glycogen 
per gram of tissue. 
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One set of embryos were extracted from their eggs on 
the third day after injection and their fenurs dissected and 
measured only. A final small number of embl"yos was used for 
photographic recording. In this set, attem:~ts were made to dissect 
bo_,th femurs and both tibias from the embry,Js. 
Preliminary photography performed immediately after 
dissection with a Polaroid Land Camera yielded a set of slides 
for the author's files. The photographed·samples were:then atored 
in a physiologic saline solution.until photography for this 
paper could be performed. Some minor artefacts were produced 
by storage which will be pointed out later. 
Photographs appearing in this paper were taken with a Hex-
aeon single-lens reflex camera, using a 5€\ mm. f-2 Zeiss lens 
mounted on a 30 mm. extension tube such that the near focal 
point was 3.5 inches from the objective lEms. Illumination 
was provided by a ring- light strobe with a flash duration 
of 1/1200 seconds, placed 12 inches from ·:.he subject. Depth· 
of field was maximized by using a fairly :rast film ( Kodak 
35 mm. Super XX, ASA 250) without neutral density filters, 
and by exposing at f-22 for the effective exposure time of 
1/1200 seconds. Negatives were developed in Ansoo Finex-L 
developer, lending them extremely fine grain plus «ood con-
trast. Prints were made on double-weight Ilford paper, type 
B'3-26K. 
Although Kodak has discontinued production of 35 mm. 
Super XX film in the usual rolls of 20 or· '36 exposures, it 
I''* 
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is available for technical use in 100 foot bulk lots from 
several suppliers in New York Oity. Ilford paper, made in 
England, is readily available in Montreal, and at a few 
sources in Boston. 
RESULTS 
Table 1 is an explanation of a legend to be used through-
out the paper. 
STUDY:· PROCEDURES PERFORMED 
Study 1 Whole Embryo Glycogen Estination- Embryos 
Extracted 2 Days After Injection- Total 
Incubation of 7 Days 
Study 2 Whole Embryo Glycogen Estintation- Embryos 
Extracted 3 Days After Injection• Total 
Incubation of 8 Days 
Study 3 Whole Embr{o Glycogen Es t1D1a tion- Embryos 
Extracted Days After InjEtction- Total 
Incubation of 9 Days 
Study 4 Embryonic Femur and Liver <aycogen Analyses-
Embryos Extracted • Days A:l~ter Injection-
Total Incubation of 9 Days 
study 5 Embryonic Femur and Liver Dlycogen Analyses• 
Embryos btracted 7 Days A:~ter Injection-
Total Incubation of 12 Day11 
Study 6 Embryonic Femur and Liver Glycogen Analyses-
Embryos Extracted 10 Days .U'ter Injection-
Total Incubation of 15 Day:~ 
Study 7 Embryonic Femur Measurements Only-
Embryos Extracted 3 Days After Injection• 
Total Incubation of 8 Days 
Study 8 Embryos Extracted at Varyi:ag Intervals After .. 
Injection to Provide Femurs and Tibias for 
Photographing Onl7 
TABlE 1: Legend 
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The distribution of the eggs among the various studies 
is shown in table 2. It will be noted that the abortion 
rate in the experimental ( insulin-trea.ted 'I group was great-
er than the control ( saline-treated) group in all cases. 
T~ percentage of all control eggs aborted ranged from 0.0% 
in study 1 and study 7 to 12.5% in study 6; whereas the per-
centage of all experimental eggs aborted r;t.nged from 18.8% in 
study 6 to 50% in stu6y 4. The over-all pe:rcentage of abor-
tions in the control eggs in all studies w~s 6.7%, while 
the over-all percentage of abortions in the experimental 
eggs in all studies was 33.4%. 
STUDY SAMPLES ANALyzB;D ABORTIONS INFERTILES TOTALS 
E 0 E 0 E 0 E c 
1. 9 9 3 0 1 2 13 11 
2. 8 10 6 1 0 1 14 12 
3. 8 8 4 1 0 1 12 10 
t--· 
4. 5 10 6 1 1 1 12 12 
5. 5 10 6 1 1 1 12 12 
6. 13 6 3 1 0 1 16 8 
r 
7. 6. 6 3 0 0 1 9 7 
8. 5 3 Extracted at random 5 3 
. during above studies. 
Thus, only ltve embryo ~ ~ J-.-!•re considel'ed. 
TOTAL 
--
93 75 
TABLE 2: Distribution of Samples in Experiments. ( E equals 
Experimental Group; C equals Oon~jroi Group) 
13. 
WHOLE EMBRYO STUDIES 
The results of tb.e glycogen estimation:~ in whole 
embryo studies are presented in table 3. 
S'l'UDJ SAMPLES ANALIZED EMBRYO WT. _ EMBRYO GLYCOGEN CONTENT 1mg.) (mg. glycogen/gm. tissue) 
E c mean-:: s .d.) (mean: e .d.) 
E Q. E g 
1. 9 9 916.4 
±80.5 
961.0 1.40!0.26 1.62'10.20 
±101.2 
2. 8 10 1061.3 1244.8 1.6st0.20 2.2¢0.35 
1:126.2 ±102.1 
3. 8 8 1217.8 1490.6 1.92t0.33 2. 74-:!:0.31 
%110.2 1±107 .3 
TABLE 3: Whole Embryo Studies. 
The probability that the exPerimental and control groups 
in study 1 constitute a similar population with respect to 
glycogen content is too high to consider ·~he groups differ-
ent ( P) 0.1). Therefore, the first diffe::-ence is seen in 
study 2, when, three days after injection, the glycogen con-
tent of the experimental embryos is significantly lower than 
that found in the control embryos ( P( o. 001). This $ame P 
value continues through the fourth day aftex- injection as 
well. The above findings are presented more grapP!calli in 
figures 1 and 2. 
The next step in the experiment was to see if a localiza-
tion of this decrease in glycogen content. could be found in 
the individual embryonic organs. 
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~!I ' FEMUR AND LIVER ANALYSES 
An interesting finding was noted in stlldies 4, 5, 6; and 
7. All studies of insulin-induced micromelia ln the chick 
prior to 1962 showed that injection of five units of in• 
sulin into an egg after five days of 1ncube.t1on produced an 
incidence of 11mb deformities in the v1c1n~.ty of 85~-87% 
only-.8• 24 .. 27, 49,50 The auf.hor's stUdies ehowed that with 
a lower· dose of insulin ( 4 un1 ts) an 1ncic.ence of shortened 
limbs ~of.lOO~ was produced. 
Theile are two probable reasons for thiEI discrepancy. 
Previous methods of analysis for limb shor1;en1ng consisted 
of extracting the embryos at a late stage of development and 
observing the gross, undissected limb for uigns of shortening. 
Microdissection and measurement of bone rudiments, the author 
has shown, will provide a more accurate anu.lysis of deformities 
and a 100% yield of short limbs even with u. lower dosage 
schedule. Furthermore, while samples of experimental femurs 
in the early studies all are low when compared with control 
samples and have small amounts of variabil:lty ( standard devia• 
tions of 0.10, 0.22, and 0.55 mm.- see table 4), the samples 
in a later study ( study 6) show a sharp 111crease in var1ab111• 
ty ( standard deviation of 2.10 mm.). The ,:~;reater range of values 
in this latter strudy ( 4.0 mm. to 13.5 mm.) indicates that 
some of the bones, retarded in their early growth showed a 
recovery from this retardation ( compare plates 4, 5, and 6). 
16. 
Although microdissection will reveal that this recovery 
is not complete, and that the bones are, 1'r1deed, deformed, 
the author has noted that g.Doss observation of the undis-
secte6 limb will not reveal this incomplete recovery. There-
fore, gross observation only, especially if carried out at 
late stages of incubation, would have considered those 
partially recovered limbs as normal. A look at the embryo 
externally cannot detect the subtle changes that are appar-
ent to the microscopic view of the dissected femur. 
Sevastikoglau, in 1962, is the only other worker in 
the field who has performed such analysis to the author's 
knowledge .39 His measurements of embryonic: tibias yielded 
~ 100% deformities also; however, he used a dose of 6 units 
of in-sUlin- a dose so high that his abortton rate was 77fr;. 
Figure :5 shows the comparison of the c1ourses of femur 
lengths during the incubation period after insulin and saline 
injection. Significant differences in fem\~ lengths between 
experimental and control groups existed in all studies 
( table 4). Plates 1 to 6 are photographs of typically 
deformed limbs recovered at various stagen of incubation. 
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equals experimental 
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STUDY SAMPLES ANALYZoED ~MUR LENGTHS T VALUES 'P VALUES (MM.) 
E a, (MEAN: S.D.) 
.E ' c 
7 12 12 2.2 4.0 25.7 (0.001 ± 0.10 :t0.24 
4 10 20 3.2 5.6 14.0 (0.001 
"± 0.22 "t-0.36 
5 10 20 6.5 10.3 20.0 (0.001 ! 0.5~ ! 0.37 
6 26 12 8.1 14.9 15.4 (0.001 
! 2.1C -:t'0.47 
TABLE 4: Femur Analyses. 
.. ·ru· 
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The results of glycogen estimations in embryonic 
femurs and livers are presented in table 5. There was 
STUDY EMBRYOS FEMlR GLYCOGEN LIVEF. G;LYCOGEN 
18. 
ANAL"YZED (mg. glycogen per ( mg. glyco,en per 
(gm. tissue~ gm. t.issue 
mean% s.d. ( meaii:t s .d.) 
E a E 0 E , . a .'·~ 
4 5 10 9~19 9.38 33.9() '·17.67 
±2.79 '"!3.60 ±16.ll :!'17.96 
5 5 10 6.17 5.64 6.60 24.40 
:!: 0.93 .±1.09 :t 7.40 "!.30. 80 
6 13 6 5.07 4.28 70.2B 78.17 
rl.OO ~0.54 ~ 12.9B !15.07 
' 
TABlE 5: Glycogen lontent of Femurs and L1,rers. 
great variability in liver glycogen levels in studies 4 
and 5 which escapes any analysis on the author's part 
except to say that since liver is not norm~lly fUietiQn• 
al until the fourteenth day of incubation, as was noted in 
the introduction to this report, this variability might 
result from many different factors operable or inoperable 
in any one chick at a particular time ( liver enzyme develop-
ment, peripheral enzyme development, vascularity of the liver, 
blood glucose levels available to the liver, etc.). All 
liver samples did, however, show a stabilization at similar 
glycogen levels after the fifteenth day of incubation ( study 
6).= 
'· ') ~ 
The glycogen studies on femur rudiments were most 
satisfying. Both control and experimental CI•oups showed 
high levels of glycogen after nine days of :lncub.tion, 
subsequently deoreasins. to lower levels aftt'r 12 days, 
and to still lower levels after 15 days. ( Jrigure 4). 
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FIGURE 4: ttourse of Femur Glycogen. 
This initial high level and subsequent <lisappearance 
of glycogen is consistent with the reports 1)f otherE~lO,ll, 20, 
29,34,36,37,52 that glycogen ac~umulates in hypertrophic 
cartilage cells just before mineralization 1:tnd:this glyco-
gen disappeara during calcification. 
Previous studies' 20•35 as well as the & 1lthor 'a obserYations 
on dissected femurs, indicate that calcificn;t~on begins in 
the chick embryo between the eleventh and t:1e fifteentli day 
of incubation. The author noted no calcification in either 
11111~111: ! 
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control or experimental femurs after nine O.ays of incubation, 
and first noted slight calcification after twelve days. 
Since statistically significant shortening of the experi-
mental femurs occurs after only eight days of incubation 
( table 4; plate 1), preceding observed calcification by 
anywhere from two to four days, a great amc·unt of doubt is 
cast on the theory held by previous workers7,8, 23-28, 32 , 49-51 
that insulin•induced deformities are brougt:.t about by aber-
rations in the scheme of calcification. These same authors 
supuosed that the sequence of events in the chick egg fol-
lowing insulin injection was: l) an increase in glycogen in 
yolk sac membrane giving rise to 2) hypoglycemia which, in turn, 
~ allowed for 3) decreased glycogen levels in cartilage just 
prior to calcification leading to decreased hexose-phosphate 
levels as well, resulting in 4) a subsequent reduction in 
inorganic phosphate available for calcification. Anderson1 
felt that he had disproved this with his work on cartilage taken 
from embryos incubated eighteen days that showed no difference 
in the glycogen con~nt in control or insulin•treated embryos. 
However, it is naive to feel that a change induced by insulin 
injection after five days of incubation might be detectable 
thirteen days later, when the embryo is essentially stable 
with respect to carbohydrate metabolism. The author's work, 
showing no change in glycogen content in cartilage just prior 
to the beginning of calcification, does, ho·wever, disprove 
.·.,. 
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the above set of assumptions. There is no E.tat1st1cally 
significant difference in glycogen content of femur cartilage 
between the control and the experimental chicks after nine or 
after twelve days of incubation- times pr1c~r to calcification-
( P >6.9 and) 0.3, respectively). Therefore, it can be stated 
w1 th relative confidence that insulin prodt:tced deform! ties 
are not brought about by aberrations in calcification of the 
bone, but rather by aberrations in some mechanism prior Do 
calcification. 
One other finding deserves mention. Although a decrease in 
the size of the experimental fe.urs was noticed as early as 
after eight days of incubation, no deformity in the morphologic-
. ~ al form of the bones was noticed until after fourteen days of 
incubation. Thus, the appearance of bone shape, articular facets, 
and tubercles in no way was affected in the early process of 
deformation. Only after 14 days of incubation were angulation 
of the shaft and clubbing of the fac•ts noticed ( Plates 4-6). 
It is likely that these findings are due to the fact that when 
the bone is under no stress there are no morphological changes 
produced, whereas with increasing development of muscular tissue 
attached to the mal-developed bones at about the time of cal-
cification, stresses are brought to bear on the bone rudiments 
which produce morphological defonnities. Th~se changes are then 
made permanent, perhaps by the hardening of the bone upon 
calcium salt deposition. 
PLATE 1: Femurs Dissected After 8 Days Incubation 
( Left two femurs are controls; right two 
are experimentals) Markings on right are 
in mm. 
22. 
PLATE 2: Femurs and Tibias from 9 Day Incubated Embryos 
( Left set from control animal; right set from 
experimental) Markings on right in mm. 
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PLATE 3: Femurs and Tibias from 12 Day Incubated Chicks 
( Left s&t from experimental animal; right set 
from control animal) Markings on right in mm. 
PLATE 4: Femurs and Tibias From 15 Day Incubated Chicks 
( Left set from control animal; right set from 
experimental animal) Markings on right in mm. 
26. 
PLATE 5: Femurs and Tibias from 15 Day Incubated Chicks 
( Left set from control animal; right set from 
experimental animal) Markings on right in mm. 
PLATE 6: Femurs and Tibias from 15 Day Incubated Animals 
( Left set ~rom control animal; right set from 
experimental animal) Markings ~n right in mm. 
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CONCLUSIONS 
1) Insulin•induced deformities may be detected at earlier 
stages than was previously thought. Furthermore, high yields 
of deformities ( 100%) may be produced with doses of insulin 
that are low relative to those used by previous researchers. 
The reason for these high yields is a more accurate method 
of analysis for deformities ( microdissection and measurement 
of bone rudiment length soon after insulin injection). Because 
of its greater accuracy, this method may be used in place of 
former methods of assessing deformities in future work in 
insulin teratogenesis. Especially good application of the 
method may be made to re-assess the efficacy of tricarboxylic 
acid intermediates in reducing insulin's teratogenic effect.a, 
26, 27, 50 
2) Insulin injection into the yolk sac of eggs incubated 5 days 
produces a decreased glycogen content in the whole embryos 
extracted from those eggs 3 and 4 days latar. 
3) However, no localization of this decreased glycogen content 
was found to occur in the cartilaginous loag bone rudiments 
of embryos similarly treated, either· befor·3 or during the 
process of calcification. 
4) Deformities were noted in embr_yonic fem..trs preceding the onset 
of calcification by two to four days. 
5) On the basis of 3) and 4) above, it is ~oncluded that insulin 
induces bone deformities through a primary action not on the 
.. 
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process of calcification, but on a process preceding calcifi-
cation in the incubation cycle- perhaps chundrogenesis. 
DISCUSSION 
J.n the following pages the author will attempt to discuss 
phases of morghologic and biochemical development of bone that 
may be pertinent to the subject of insulin produced micro-
melia. Reference will be made to past work in the field, as 
well as to the author's work, in preparaticm of •he development 
of a hypothetical mechanism of teratogenic action of insulin. 
It must, however, be stased at the outset t.hat such a hypothesis 
is essentially premature in the light of pr·esent knowledge in 
the field, and its presentation is made onl.y in an attempt 
to direct further research. 
Since this paper is limited to observations on long 
bone development primarily, only the intrac.artilasinous type 
of bone development will be discussed. The normal morphological 
development of bone in the embryo will first be considered, 
and this will be followed by a discussion cf the chemical 
and enzymatic processes leading to the mor:t:hologic advances. 
After 4 days of incubation, embryenic tone begins to devel-
op. At first only periosteal lamellae of fibers are found in 
the area destined to become the middle of the cartilaginous 
shaft. 2° Chondroblasts in the area of the middle segment 
hypertrophy simultaneously. The areas of hypertrophy are dest1ne6 
to become the ossification centers for the bone~9 As the cellular 
t .. 
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changes proceed, ingrowth of vascular meser.chyme occurs as 
a response to the cpnges. These mesenchymal cells have both 
hemopoietic and osteogenetic properties, presumably, and 
soon, replacement of the chondroblasts is effected by the 
development of bone and primitive marrow. 29 My observations 
show that the anatomical prototypes of all articular facets 
and tubercles are represented in cartilage after nine days of 
development and that mineralization begins to take place 
during the eleventh to twelfth days, substa·atiated by previous 
observations of the same sort. 20 • 35 This m:lneralization 
first appears in the region of the firat-eel!n hypertDophic 
chondroblasts- the middle segment• 
In the preceding pages evidence has been presented that de-
formities in chick long bones produced by insulin are unrelated 
to calcification. That whatever changes induced by insulin 1n 
the cartilage prior to aalcification may ree;ult in faulty calcifi-
cation secondarily is not denied; howeve;, t.he observation of deform-. 
ities well before the onset of ossification proves that faulty 
calcification is not the primary defect. It would be fruitful, 
therefore, to explore a phase of bone development occurring 
before calcification: that of chondrogenesis. 
Electron microscope studies show that prior to hypertrophy 
the choniroblasts are typical of collagen-producing ollls in 
their internal structure.20 The amount of collagen in the embry-
onic cartilage during the seventh day of inc·Jbation is less 
31. 
than 2.0~ of the dried organic materi•l, but this increases 
20 
slowly to just below 20% during the next ten days. 
The mucopolysaccharides most studied in the ground substance 
of cartilage are hyaluronic acid, chondroitln sulfate and 
keratosulfate. These are complexes of polysn.ccharides plus 
hexosamines, and are eatimated analytically by hexosamine 
determination. On hydrolysis, chondroitin sulfate A yields 
glucuronic acid and a repeating unit of choudrosin. Hyaluronic 
acid yields glucuronic acid and a repeating unit of' hyalobiuronic 
acid. Keratosulfate yields galactose, N-ace1;yl glucosamine and 
sulfate. 
The biosynthesis of chondroitin sulfate~ as a ~epres~ntative 
:: e of all mucopolysaccharide,' proceeds in the following manner: 
1) Inorganic sulfate plus ATP yields PAPS ( adenosine 3' phos-
phate 5 1 phosphosulfate). 2) PAPS plus chonc~roitin yiel4s 
chondroitin sulfate. The inorganic sulfate DlUst, therefore, 
·.·'• ~j ~!t'J 
be activated by an energy requiring process involving ATP. 
The acceptance of the sulfate from PAPS is 'l:ly the acetyl galac-
tosamine residae of chondroitin, and an enzyme, mucopolysaccharide 
sulfotransferase activate& the transfer. 41 The origin of the 
chondroitin moiety is not so clear, althougt. it would seem that 
galactosamine and glucuronic acid, derived from glucose, 
combine to form the compound.43 
The hexosamine content in the seven to thirteen day old 
~11m•:, 
chick embryo is very high, and drops mar~edly following 
that time. The ~ collagen/ ~ hexosamine ratio rises slowly 
throughout incubation, indicating that as collagen synthesis 
20 proceeds, mucopolysaccharide content of cartilage decreases. 
Separation of embryonic cartilage into ·iifferen• ~ dt#t?l t 
areas has shown that the rate of hexosamine loss is greatest 
in the areas of the greatest collagen syntht:tsis. These areas 
are the epiphyseal and the hypertrophic reg:lons. 20 A further 
precipitous drop in hexosamine content is soan in the hypertro-
phic region when calcification begins. 
The author attaches great significance 1jo the role muoo-
polysaocbarides may play in insulin induced deformities. It 
is known that chondroitin sulfate synthesis requires ATP. It 
is also known that glycogen or glucose must be available 
constantly in order to provide A'rP regen.rat.1on and synthesis. 
Since Zwilling has shown49-51 that blood *uoose is decreased 
in the embryo following insulin injection into the y&lk sac 
of chick eggs, and, since the author's work has shown that 
whole embryo glycogen content is decreased as well following 
such treatment, it is obvious that there is a deficiency in 
those substrates neeaed for ATP synthesis in the embryo fol• 
lowing insulin treatment. Furthermore, since the laying down 
of ground su~stance mucopolysaccharide is an essential part of 
chondrogenesis, it is entirely possible that a decreased synthesis 
of muoopolyaaooharide may lead to aberrationn in the process 
of chondrogenesis, resulting in shortening of the cartilaginous 
bone rudiment. 
,. 
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A most important point must now be made" Since deformities 
produced by insulin are found in many orgam1, a mechanism 
of teratogenic action of the drug is suggest.ed that would be ef-
fective in all organs. It would be unlikely that insulin would 
have a separate teratogenic action on each developing organ, 
moreover, since the many developing organs are all represented 
in their most primitive stages of development ( when suaceptible 
to insulin attack) by cell processes that ar•3 similar. one to 
another. The proposition that insulin exerts its primary effect 
on chondro:tt!n' sul:f.'ate:.syl).thes1s'.1s strengthoned b;t' the fact 
bhat synthesis. of. this compound is found in 1;he connective tissue 
of all organs. 
At first, the cartilaginous bone rudiments in the e,mbryo 
contain no enzymes. However, at about the tine that chendro-
blasts hypertrophy, the appearance of a number of enzymes oc-
curs, most notably phosphatase and glycolytic enzymes.29 
Robison36 ' 37 first discovered active phospha. tase in ossifying ,, 
cartilage of young rabbits and rats. He propo;3ed at this time 
that hexose 'Phosphates in the cartilage matri:c were acted upon 
by the phosphatase· in:·cartilagel.~cells , releauing inorganic 
phosphate to the mineral phase of bone. In hht second work37 
he and Rosenheim found that fluoride, iodoacet.ate and cyanide 
in concentrations too low to affect phosphatase activity or 
to affect the solubility of bone salts inhibited calcification 
of hypertrophic cartilage in vitro, and therefore proposed a 
.:'e 
34. 
second mechanism, never to be well defined, in order to 
account for the discrepancy in these findings. 
Even without the discrepancy implied in the second mechanism, 
the proposition of phasphatase role in calctfication is still 
riddled with difficulties: l) many other tie. sues besides cartilage 
are rich in the same alkaline phosphatase; ~) the concentration 
of organic phosphate substrate in the intercellular fluid of 
cartilage is too low to provide sufficient amounts of inorganic 
phoAphate to the mineral phase; 3) the optimum pH for the action 
of the enzyme is high- 9.4- and, probably does not occur physiologa 
ically. 29 ' 34 
A number of people have since proposed ml3chanisms by which 
the second d11!f1culty mi·ght be solved. Gutman and Yu 52 demon-
strated that there was a phosphorylase in calcifying cartilage 
that could bind low circulating levels of inc>rganic phosphate 
to glycogen to produce glucose-1-phosphate. ~~he resulting 
hexose phesphate eaters. might then serve as substrates for the 
action of cartilage phosphatase. Since the hypertrophy of 
the chondrocyte just before calcification was well known to 
be due to accumulation of glycogen in the cell, it seemed pos-
sible that phosphorplase could provide sufficient subatrate 
ester to yield adequate inorganic phosphate a.f'ter phosphatase 
action. 
During the years between these reports and the present 
time, many changes of opinion have occurred concerning the 
role of phosphatase in bone formation. There have been studies 
relating phosphatase action to collagen formation, mucopoly-
-~ 
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saccharide synthesis, and to matrix formati:>n. ll, 34 The 
most recent view is that ester phosphates a:~e adsorbed onto bone 
asP,;;· inhibiting the accumulation of new cry:3tals from 
solutions of calcium phosphate.11, 34 Phosphatase, by hydro-
lyzing the ester phosphate at the mineralizntion site, releases 
the site from ester phosphate inhibition. 
Still there remain difficulties, for the·se inhibiting sub• 
stances, phosphate esters, give better miner·alization of rachitic 
cartilage than do equivalent amounts of inorsanic phosphate.9 
The reason for this is that the hexose phos~hates, by competing 
with already-deposited phosphates for phosphatase, "protect" 
the seedins sites from pboaphajase during the preliminary 
phases of calcification, becoming inhibitory to calcification 
only if added at l•ter phases when the seedi:~g sites are rela-
tively unaffected by phosphatase.34 
One other relationship need be discussed more fully-
that of glycogen.lysis and bone formation. An bas been stated, 
glycogen accumulates in chondrocytes as they hypertrophy and 
disappears during mineralization of the formetr hypertrophic area. 
Inhibition of various steps in the glycolytic: series has pre-
52 
vented calcification in vitro. Also, addition of the phospharyl-
ated intermediate just below the inhibited reaction in the series 
has restored calcification. Thus ,:::·phl.orhizin 1nh1bition of 
phosphorylase action on glycogen ( to produce slucose•l-phosphate) 
inhibited calcification and this inhibition w.9.s reversed by 
subsequent addition of slucose ... l•phosphate. ItJdoacetate or 
:( 
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cyanide inhibi t.:ton of calcification ( through the inhibition 
of glyceraldehyde 'dehy'drogenase action on glyceraldehFde-3 ... 
phosphate to produce, through a few intermediates, 2-phospha-
glyceraldehyde) is reversed by addition of 2-phosphoglyceraldehyde. 
Fluoride inhibition of calcification ( through inhibition of 
enolase action on 2-phosphoglycerate to for:n phosphopyruvate) 
is reversed by addition of phosphopyruvate to the medium. 52 
It has been concluded that only those phosphoric esters that 
could be acted upon by phosphatase and that were normally found 
in the glycolytic series would prodttce calc:~tication of rachitic 
cartilage. These findings finally explained the earlier work 
of Robison and Rosenheim37 on fluoride, cyanide, and iodoacetate 
inhibition of calcification. The findings also prompted the 
suggestion that phosphatase acts not by releasing phophate to the 
mineral phase, but by enzymatically transferring the phosphate 
sooup of a glycolytic series ester to an acceptor in cartilage 
matrix. 
Many methods of supplementary treamment have been found 
to reverse the teratogenic effects of insulin. A few comments 
must be made before an analysis of auch work is possible. 
First of all, there are time relationships t:> be considered: 
if injection of supplementary chemicals must be made before 
or with injection of insulin in order to obl:L terata the tera• 
togenic effects of insulin, it is likely that, the effect of 
insulin is an immediate one. In other words, if insulin in~ 
:t' 
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jection at five days of incubation produced deformities 
in long bones and if injection of a supplement at the same 
time, but not at a later time, ean reduce the teratogenic effect 
of the insulin, it is unlikely that the effect of insulin 
ia on calcification which, since it does not begin until 
the tenth to twelfth day, can hardly be affe~ted by any supplement-
ary treatment. Secondly, it must be said that, in the light of 
this author's findings, previous statistics t>n the yield of 
deformities with insulin treatment are somewl~t in error due to 
inaccurate me thode of analysis. Therefore, i1:. may be likely 
the.t statistics on the recovery from insulin teratogenesis ef-
fected with supplementary treatment are also in error. 
Both Zwilling and Landauer have reported that v<.•ketoglutarate 
and nicotinamide have similar effects in'that they reduce the 
observed percentage of deformities resulting from insulin 
treatment alone in the chick embryo. 26 , 27, 50 Nicotinamide 
injection had to be performed within three hours of insulin 
injection ( at five days of incubation) in orier to obviate the 
teratogenic effect of insulin. The treatment of the egg with 
~-ketoglutarate had to be performed before in3ulin treatment 
in order to give a decrease in teratogenicity of insulin. From 
these findings, if they may indeed be conaide::-ed accurate with 
the faulty analysis ( gross observation) used, one may conclude 
still further that insulin's effect is on a pl~ocess that preceeds 
calcification. No supplementary treatment has ever been able to 
decrease the teratogenic effect of insulin inJection at five 
days of incubation if provided just before the beginning of 
38. 
calcification (10 days) or, indeed, if provtded more than 
three hours after insulin injection. 
Still more evidence bas been produced cc·ncerning the 
importance of the role of chondroitin sulfate not only in 
4 
chondrogenesis, but also in calcification. Belanger proposed 
that the first step in calwification may be the binding of cal-
cium ions to the mUtcopolysaccharide acid gro·J.ps in the matrix. 
Also, Neuman reports that chondroitin sulfatt~ is strongly an-
ionic and that, therefore, the negatively•crulrged groups in 
the molecule might act as the binding sites for calcium.34 
The resulting complex could well be the 'accE,ptor' in the 
matrix for transferred phosphate, fitting in nicely with 
':l4t the suggestions of Gutman. If these facts are so, the author 
feels that this is a further strengthening of his argument that 
insulin-induced deformities are effected through a defect in 
mucopolysaccharide synthesis. The defects in calcification seen 
in the insulin-deformed bones could well be s!condary to 
a defective chondroitin sulfate content of ca:~tilage effected 
during the stage of chondrogenesis. Another P'>ssible reason 
for this secondary defect in calcification seHn after insulin 
deformation is suggested by recent work by Oar•tier and Picard. 6 
They shbwea ·that :.A.TP added to· a· calcifying mec~ium of hexose-
phosphates or inorganic phosphates produced gc•od mineralization 
in embryonic cartilage. The role of A.TP ( still to be determined) 
was presumed to be one of transferring pyrophosphate to an ac-
llJ captor in the matrix. It was felt that the role of glycolysis. 
• 
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in calcification was not to provide inorgan~~c phosphate to 
the mineral phase, but to provide a ready S<>urce of ATP. 
Although the author found no decrease in glycogen in the 
cartilage of the bone rudiments, a decrease in whole body 
ATP could well be likely, in the light of the observed decrease 
in whole body glycogen. 
One final note on calcification is neces:3ary. It may 
be that !!2. energy-requi~ing process is needed to provide cal-
cification. Indeed, Glimcher et a1. 16 showed that reconstituted 
collagen in metastable solutions of calcium B.nd phosphate is 
able to nucleate apatite crystals without the interventlion 
of any metabtlic process whatsoever. If calcification is 
actually such a passive phenomenon, the decre.3.sed A.TP presumed 
by the'. author to;'be b~ought ·about :by' insulin :lnjection would 
neccessarily affect only chondrogenesis ( mucopolysaccharide 
synthesis) and not calcification. 
The author feels that if any clinical corr·elation may be made 
with experimental insulin teratogenesis, it lies in the field of 
diabetes. It is well known that the diabetic woman produces a 
greater percentage of deformed and aborted conceptions than the 
general population. l7, 42 , 47 It is also knOW;l that circulating 
lovela of insulin in the early stages of adult diabetes are normal 
time 
or higher than normal. 42 Since this/is preciSElly the reproduc-
tive yea~a in females, it may be concluded that most pregnant 
d1abet1ct;·have normal or higher than normal lev·els of circulating 
insulin. Abundant evidence~~a available that pregnancy constitutes 
an \nereased demand for insulin, even in the normal female, 
,, 
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either through increased production of the corticoids3, Si, 31, 45 
or through insulin antagonists~' 44 Thus, one might expect 
higher than normal levels Of insulin to be circulating in 
the pregnant diabetic. Tb.i continuing insul:ln demand during 
pregnancy effects a hyperplasia of the isle·:. cells of the pancreas 
in order to compensate by an increased output of insulin. 
However, no matter how much ins!llin is put c•ut, whatever factors 
are involved in the diabetic state obviate the insulin's 
effectiveness. Furthermore, the placenta acts as an insulin-
destroying organ14 ' 15 and this action would tend to increase 
further the maternal demand for ~nsul1nJ.Whether or not this 
concentration of insulin in the placenta may effect a diminution 
of the glucose levels in blood going to the ombryo before i-.su \<\11\1<; 
ultimate destruction by the placenta is a moc•t point at the 
present time. However, if it were so, there ~·ould be a fine 
hypothesis available; that increased insulin in the pregnant 
diabetic concentrates in the placenta producing a decrease in 
glucose available to the embryo throgh its actions on the 
fetal portion of the placenta ( not the 1diab3tic' maternal 
portion, where insulin is probably inactive). This decrease 
in glucose available to the embryo would allou for a decreased 
ATP synthesis by the embryo such that mucopol~rsaccharides in all 
connective tissue would be defective giving rlse to multiple 
deformities throughout many organ systems. 
''" 
1) A new method for analysis of insulin-indt.tced deformities 
is described and proven more accurate than ~revious methods. 
2) Insulin injection into eggs of chicks incubated for five 
days produced long 11mb deformities that wer·:3 unassociated 
w1 th .Any change in glycogen content of bone ::-udiment cartilage. 
3) For this reason, as well as the fact that deformities were 
observed to preceed calcification by many days, it was 
proposed that insulin produces deformities net through an 
effect on calcification, but thraugh an effect on ground 
substance synthesis. 
4) Pertinent previous data are reviewed and t:1e above proposition 
is developed. 
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